Reduced expression of the pro-apoptotic protein SMAC (second mitochondria-derived activator of caspase) has been reported to correlate with cancer progression, while its significance and underlying mechanisms are poorly understood. In this study, we investigated the role of SMAC in intestinal tumorigenesis using both human samples and animal models. Decreased SMAC expression was found to correlate with increased cIAP2 expression and higher grades of human colon cancer. In mice, SMAC deficiency significantly increased the incidence and size of colon tumors induced by azoxymethane (AOM)/dextran sulfate sodium salt (DSS), and highly enriched b-catenin hot spot mutations. SMAC deficiency also significantly increased the incidence of spontaneous intestinal polyps in APC Min/ þ mice. Loss of SMAC in mice led to elevated levels of cIAP1 and cIAP2, increased proliferation and activation of the NF-kB p65 subunit in normal and tumor tissues. Unexpectedly, SMAC deficiency had little effect on the incidence of precursor lesions, or apoptosis induced by AOM or DSS, or in established tumors in mice. Furthermore, SMAC knockout enhanced TNFa-mediated NF-kB activation via cIAP2 in HCT 116 colon cancer cells. These results demonstrate an essential and apoptosis-independent function of SMAC in tumor suppression and provide new insights into the biology and targeting of colon cancer.
INTRODUCTION
Second mitochondria-derived activator of caspase (SMAC), also known as direct inhibitor of apoptosis protein (IAP)-binding protein with low pI (Diablo), is a pro-apoptotic mitochondrial protein that is released into the cytosol in response to diverse apoptotic stimuli. [1] [2] [3] Upon release into the cytosol, SMAC interacts with and antagonizes IAPs, such as XIAP, cIAP1 and cIAP2, through its N-terminal AVPI domain. This allows for caspase activation and subsequent cell death.
1,2,4,5 SMAC appears to mediate apoptosis induced by selective classes of anticancer agents, such as nonsteroidal anti-inflammatory drugs and tumor necrosis factor (TNF)-related apoptosis inducing ligand in human cancer cells. 1, 6, 7 Enhanced expression of SMAC and agents that mimic the AVPI domain of SMAC, also called SMAC mimetics or IAP antagonists, sensitizes human cancer cells to apoptosis induced by anticancer agents including TNF-related apoptosis inducing ligand. 7, 8 However, induction of apoptosis is not affected by SMAC deficiency in response to various anticancer agents in murine models. 9 A significant inverse correlation between SMAC expression and either the cancer stage or grade has been reported in renal cell carcinoma, lung cancer, testicular germ tumors, hepatocellular carcinoma, prostate, 10 esophageal 11 and colon cancer. 12 However, the significance of SMAC in cancer progression is not well understood. 10 Overexpression of IAP members, including XIAP, survivin and cIAP1/2, is found in many types of human cancer, and is associated with chemoresistance, disease progression and poor prognosis. 13 The IAPs are best known for their ability to inhibit caspase activation and apoptosis. 3 However, emerging evidence suggests that cIAP1 and cIAP2 have a crucial role in regulating canonical and non-canonical nuclear factor-kB (NF-kB) signaling in opposite directions. 3 In the canonical NF-kB pathway, cIAP1 and cIAP2 regulate ubiquitin(Ub)-dependent activation of NF-kB downstream of TNFR1, which in turn drives the expression of genes important for inflammation, immunity, cell survival, cell migration and tumor development. 3 Conversely, rapid degradation of cIAP1 and cIAP2 triggered by SMAC mimetics leads to activation of the non-conical NF-kb pathway and TNFa secretion, which promotes apoptosis in certain cancer cells. [14] [15] [16] [17] IAP overexpression can result from gene amplification and chromosomal aberrations. 3 Yet, whether IAP overexpression relates to reduced SMAC levels is still unclear.
In the current study we investigated the role of SMAC in intestinal tumorigenesis using human tumor samples, and two mouse models: azoxymethane (AOM) and dextran sulfate sodium salt (DSS) (AOM/DSS)-induced colon cancer, and spontaneous intestinal tumors in APC Min/ þ mice. We found that decreased SMAC expression correlates with progression of human colon cancer and increased cIAP2 expression. SMAC deficiency results in increased levels of cIAP1/2 in the intestinal mucosa and enhanced tumor development in both models. Surprisingly, loss of SMAC had little to no effect on apoptosis, but promoted proliferation and activation of NF-kB in the adjacent normal tissues as well as tumors in mice. Additionally, SMAC loss led to NF-kB activation via elevated cIAP2 levels and IkBa degradation in colon cancer cells. These data establish an apoptosis-independent function of SMAC in suppressing tumor progression, rather than tumor initiation.
RESULTS
SMAC expression was inversely correlated with the progression of human colon cancer To determine a potential role of SMAC in colon cancer, we examined the expression of SMAC in colon cancer tissue arrays by immunohistochemistry (IHC). SMAC IHC confirmed the cytoplasmic expression of SMAC in normal as well as colon tumor cells ( Figure 1a and Supplementary Figure S1A) as previously reported. 12 Interestingly, compared with normal colon tissues, SMAC expression decreased during tumor progression in sex and age-matched patients (Figure 1b, Supplementary Figure S2, and  Tables S1, S2 and S3 Figure S2 and Supplementary Table S3) . Notably, the intensity of SMAC expression also decreased as the tumor grade increased. Specifically, 10.2% (6/59) of Grade III and 0% (0/26) of Grade IV tumors expressed high levels ( þ þ and þ þ þ ) of SMAC compared with 24.1% (13/54) of Grade I and 34.5% (29/84) of Grade II tumors (Figure 1b and Supplementary Table S3 ). The specificity of human SMAC antibody was validated using isogenic SMAC knockout (KO) 6 in IHC, and western blotting and control immunoglobin G in IHC (Supplementary Figures S1A and 7A) . Analysis using Spearman's rank correlation coefficient indicated a significant negative correlation between SMAC expression and tumor grade (Po0.001) (Supplementary Figure S2) . These results suggest that SMAC decreases during colon tumor development.
Decreased SMAC expression was correlated with increased cIAP2 expression in colon cancer progression SMAC mimetics or overexpression downregulates cIAP l/2, but whether IAP levels are regulated by endogenous SMAC is not known. 3 We therefore examined the expression of cIAP1 and cIAP2 by IHC in colon TMAs. IHC showed both cytoplasmic and nuclear localization of cIAP1 and cIAP2 proteins in cells ( Figure 1a , and Supplementary Figures S1B, S1C, S2 and S3) as previously reported. 18 Interestingly, cIAP2 expression increased during tumor progression (Figures 1a and b, Supplementary Figures S1B, S2 , and Supplementary Tables S1 and S3). For example, none (0/17) of the normal tissues expressed modest or high levels ( þ þ and þ þ þ ) of cIAP2, whereas 17.9% (10/56) of Grade I, 43 Table S3 ). Spearman's analysis indicated both a significant positive correlation between cIAP2 expression and tumor grade (Po0.001) (Supplementary Figure S2) , and an inverse correlation between cIAP2 and SMAC expression (Po0.01) (Figure 1c) . Interestingly, this inverse correlation was highly significant in Grade III-IV tumors, but not in Grade I tumors (Supplementary Table S4 ). cIAP1 expression was not found to correlate with either grade or SMAC expression, which increased in early-stage colon tumors (Grade I) and gradually decreased in advanced tumors (Supplementary Figures S3B and C) . Together, these results suggest an inverse correlation of SMAC and cIAP2 expression in human colon cancer development.
SMAC deficiency enhanced AOM/DSS-induced colon cancer in mice The above observations prompted us to further investigate the role of SMAC in colon cancer using mouse models. Treatment of AOM followed by DSS induces colon cancer within 4 months in all C57BL/6 mice. 19 We compared tumor incidence, size and grade in wild-type (WT) and SMAC KO littermates using this model ( Figures  2a and b) . Tumor incidence in SMAC KO mice increased by 84% compared with WT mice (13.8 ± 3.7 vs 7.5 ± 1.1), with the majority of tumors located in the middle and distal colon (Figures 2a and  b) . Additionally, the tumors found in SMAC KO mice were of larger size and higher grade ( Figure 2c and Table 1 ). For instance, 60.0% of tumors in WT mice were adenomas with low-grade dysplasia (Table 1 and Supplementary Figure S4A ). This is in contrast to SMAC KO mice where 79.2% of tumors were adenomas with high-grade dysplasia (Table 1 and Supplementary Figure S4A) . Furthermore, SMAC deficiency resulted in elevated levels of both cIAP1 and cIAP2 in mouse colon (Figure 2d ).
Aberrant crypt foci (ACF) have been reported as precursor lesions and a risk factor for colon cancer in both human and rodents, and can be induced by AOM treatment in mice. 19, 20 We therefore analyzed the incidence of AOM-induced ACF in WT and SMAC KO mice. Surprisingly, SMAC deficiency had no effect on ACF incidence (Supplementary Figure S4B) . These results suggest that SMAC inhibits tumor progression, rather than tumor initiation. Figure S5B ). These data suggest that SMAC deficiency selectively cooperates with b-catenin mutations to promote colon cancer in AOM/DSS-treated mice.
SMAC deficiency did not affect apoptosis in tumors or colonic crypts following AOM or DSS treatment To determine whether loss of SMAC is associated with reduced apoptosis, we analyzed size-matched tumors from WT and SMAC KO mice, but did not find a significant difference (Supplementary LGD, adenoma with low grade dysplasia; HGD, adenoma with high grade dysplasia; SMAC KO, second mitochondria-derived activator of caspase gene knockout.
SMAC-mediated tumor suppression W Qiu et al Figure S6A ). Acute exposure to AOM or DSS is known to induce apoptosis in the colonic epithelium of mice. 19, 23, 24 We then compared AOM-induced apoptosis in the colonic crypts of WT and SMAC KO mice at 8 h following treatment and found no significant difference (Supplementary Figure S7A) . Additionally, no difference in apoptosis was detected in colonic crypts of WT or SMAC KO mice following DSS treatment (Supplementary Figure S7B) . These results indicate that SMAC does not affect apoptosis in tumors or normal colonic crypts induced by either AOM or DSS.
SMAC deficiency promoted proliferation and activation of p65 in AOM/DSS-induced colon tumors We then analyzed proliferation in size-matched colon tumors from WT and SMAC KO mice by BrdU staining. The proliferation index significantly increased in adjacent 'normal' crypts as well as tumors of SMAC KO mice when compared with WT mice (Figures  4a and b) . As cIAPs are required for TNFR1-mediated activation of NF-kB, 3 and loss of SMAC resulted in increased cIAP1 and cIAP2 levels in the colonic mucosa (Figure 2d ), we analyzed NF-kB activation by examining phosphorylation and nuclear accumulation of p65 in size-matched tumors. Interestingly, p-p65 increased significantly in both adjacent normal regions and tumors of SMAC KO mice compared with WT mice (Figures 4c and d and Supplementary Figure S8A ). When compared with WT, SMAC KO mice also consistently showed a more than twofold increase in cells with nuclear p65 (Figures 4e and f, and Supplementary Figure S8B ). These results suggest that loss of SMAC promotes proliferation, p65 activation and development of AOM/DSSinduced colon cancer.
SMAC deficiency increased tumor formation in APC
Min/ þ mice APC Min/ þ mice develop multiple small intestinal polyps and recapitulate the prevalence of APC mutations in human colon cancer. 25 We generated APC Min/ þ /SMAC KO mice to determine a potential role of SMAC in spontaneous intestinal tumorigenesis. Sex-and age-matched cohorts of APC Min/ þ and APC Min/ þ /SMAC KO mice were analyzed for tumor incidence at 4 months of age. Figure S9B) . The increased incidence of macroadenomas was found in all three portions of the small intestine, with a significant increase in large tumors (2-3 mm in diameter) ( Figure 5b ) compared with WT mice. However, the incidence of macrodenomas in the colon at 22 weeks of age or microadenomas 19 of APC Min/ þ /SMAC KO mice at 4 weeks of age was not significantly different from that of APC Min/ þ mice (Figures 5c and  d) . These data suggest SMAC deficiency preferentially enhances tumor progression in APC Min/ þ mice.
SMAC deficiency increased cIAP1 and cIAP2 expression, intestinal proliferation, and promoted p65 activation in APC Min/ þ mice To determine the potential roles of SMAC deficiency in enhancing spontaneous intestinal tumorigenesis we compared cIAP1/2 levels, apoptosis, proliferation and p-p65 in APC Min/ þ and APC Min/ þ /SMAC KO mice. Both cIAP1 and cIAP2 levels were significantly elevated in the intestinal mucosa of APC Min/ þ /SMAC KO mice (Figure 6a ). However, no significant difference in apoptosis was found in size-matched tumors from these two groups of mice (Supplementary Figure S10A) . Interestingly, the proliferation index and p-p65 levels significantly increased in both the adjacent normal and tumors of APC Min/ þ /SMAC KO mice. Consistently, over twofold more cells with nuclear p65 in these tumors were found (Figures 6b-d and Supplementary Figure  S10B -E). Moreover, the levels of inflammatory cytokines, including several interleukins and TNF-a, were significantly elevated in the tumors from APC Min/ þ /SMAC KO mice compared with those from APC Min/ þ mice (Figure 6d ). Importantly, SMAC deficiency did not affect the serum levels of TNF-a (Supplementary Figure S10E) , excluding the systemic inflammatory response as an explanation. These data suggest that loss of SMAC promotes proliferation of the intestinal epithelial cells likely through the activation of cIAP/NFkB signaling in the tumor microenvironment to enhance tumor development in APC Min/ þ mice.
SMAC deficiency promoted TNF-a-induced p65 activation through cIAP2 in human colon cancer cells To directly probe the effect of SMAC loss on NF-kB signaling we examined p-p65, IkBa and cIAP1/2 levels in WT and SMAC KO HCT 116 colon cancer cells 6 in response to TNFa treatment. Levels of cIAP1, cIAP2 l and p-p65 were significantly induced by TNFa in WT HCT116 cells, and increased further in SMAC KO cells (Figure 7a ). Importantly, a more significant decrease of IkBa occurred in SMAC KO cells (Figure 7a ). SMAC levels did not change in WT HCT 116 cells following TNFa treatment (Figure 7a) . Using reporter assays, we found that NF-kB-mediated transcription following TNFa treatment was also significantly elevated in SMAC KO cells (Figure 7b) . Knockdown of cIAP2, but not cIAP1, reduced TNFainduced increase of p-p65 in SMAC KO cells (Figure 7c ). Interestingly, depletion of cIAP1 knockdown led to elevated cIAP2 levels as expected, 3 suggesting cIAP1 is not essential or rate-limiting for the activation of canonical NF-kB pathway by TNFa in these cells. These data strongly suggest that loss of SMAC in cancer cells leads to enhanced NF-kB activation in response to TNFa via cIAP2.
DISCUSSION
Altered expression of SMAC or IAP is correlated with cancer progression and therapeutic resistance. 3, 10, 12 Our studies demonstrated that SMAC selectively suppresses colon cancer progression by inhibiting cell proliferation and NF-kB activation, independent of apoptosis, and provides a potential mechanism of IAP overexpression in cancer. SMAC expression was shown to decrease during human colon cancer progression. Furthermore, loss of SMAC increased intestinal tumor formation induced by either carcinogens or loss of APC tumor suppressor gene, but had SMAC-mediated tumor suppression W Qiu et al little or no effect on the incidence of precursor lesions. Finally, knockout of SMAC in colon cancer cells enhances TNFa-mediated NF-kB activation via cIAP2. These observations are novel and different for an established role of SMAC in promoting apoptosis in vivo 26 and in cancer cells in response to selective agents, or that of SMAC mimetics or overexpression in blocking canonical NF-kB signaling by depleting both cIAP1 and cIAP2. 3 To our knowledge, our work provides the first evidence that loss of endogenous SMAC is sufficient to promote NF-kB activation and tumorigenesis selectively via cIAP2, consistent with sensitization to SMAC mimetics upon cIAP2, but not cIAP1, knockdown in lung cancer cells. 27 It is likely that factors other than SMAC contribute to elevated cIAP1 in colon and other cancers.
Apoptosis serves as a critical road block in transformation, 28 and both p53-dependent and independent apoptosis inhibit intestinal tumorigenesis.
19 Surprisingly, SMAC deficiency had little or no effect on colonic apoptosis induced by acute treatment of AOM or DSS, or in tumors induced by AOM/DSS or loss of APC. Instead, SMAC deficiency promoted proliferation in both the adjacent normal tissue and tumors. Therefore, the apoptotic function of SMAC does not have a critical role in tumor suppression in the colon. This is in line with earlier observations that SMAC deficiency does not promote spontaneous tumorigenesis, or cause resistance to apoptosis in murine models. 9 While the mechanisms of SMAC downregulation in colon cancer remain largely unknown, our data indicate that loss of SMAC promotes intestinal tumor development independently of apoptosis.
Our data suggest that SMAC restricts cell proliferation and NF-kB activation in the intestinal epithelium through downregulation of cIAP1/2. This mechanism appears to be critical in tumor suppression following exposure to carcinogens or mutations that activate stem cells, that is, Wnt/b-catenin signaling, but insufficient in WT or untreated mice (Figure 7d ). Several possibilities may help explain increased tumor development in SMAC-deficient mice. cIAPs function as E3 ligases in TNFR1-mediated activation of NF-kB, 3, 29, 30 and elevated cIAPs might contribute to tumor progression via increased NF-kB activation and cell proliferation. 31 In addition, TNFa is abundant in tumor microenvironment and forms a positive feedback loop with NF-kB and TNFa in inflammation-associated cancer. 24, [32] [33] [34] [35] [36] Therefore, our model predicts that elevated cIAP levels amplify NF-kB signaling to promote tumor progression by cooperating with oncogenic mutations and proinflammatory cytokines (Figure 7d) .
It is now widely accepted that death receptors can regulate NF-kB signaling. 3, 33 Two previous studies demonstrate apoptosisindependent functions of Fas/CD95 and Fas ligand in suppressing tumorigenesis in APC Min/ þ mice. 37, 38 Loss of Fas or Fas L resulted in higher incidence of, and more invasive, cancer with enhanced proliferation and minimal change in apoptosis. Furthermore, cIAPs were reported to regulate Fas/CD95 signaling in a manner similar to TNFR1. 39 Our study suggests an interesting possibility that loss of Fas/CD95 activates NF-kB signaling via a TNFR-1-dependent mechanism by releasing the downstream signaling molecules, and loss of SMAC potentially compromises Fas-mediated tumor suppression by sequestering such molecules (Figure 7d ). Given the close interaction between intestinal epithelium and the immune system and the importance of NF-kB in both, a potential role of SMAC/IAPs in tumor microenvironment cannot be ruled out. Future studies utilizing tissue-or cell type-specific gene ablation or overexpression can help clarify their roles in colon cancer. Another rather surprising finding of our study is that SMAC deficiency selectively cooperates with b-catenin mutations clustered around the S33 residue. These findings suggest a potential crosstalk between death receptors and Wnt signaling in tumor progression, which is certainly worth exploring.
Altered expression of SMAC and IAP is found in various cancers. 3, 10, 12 Our data further support the SMAC/IAP axis as potential targets in colon cancer. SMAC mimetics are currently in cancer trials, and have been found to be well tolerated, with minimal toxicity towards normal or primary cells. 13, 40, 41 SMAC mimetics trigger auto-ubiquitylation and proteasomal degradation of cIAP1 and cIAP2, which results in activation of non-canonical NF-kB and assembly of TNFa-dependent death complex involving RIPK1/caspase 8 in cancer cells. 14, 42, 43 Additionally, SMAC mimetics, as suggested by our work, might suppress tumor progression by inhibiting proliferation and the canonical NF-kB pathway (Figure 7d) . Therefore, combination therapies involving SMAC mimetics may be a useful approach in patients with more advanced colon cancer.
MATERIALS AND METHODS

Mice and treatment
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Pittsburgh. Detailed information on the generation of SMAC þ / þ , SMAC À / À (F6 on C57BL/6 background), APC Min/ þ and APC Min/ þ /SMAC À / À mice has been previously described. 26 AOM and DSS treatment. Methods were as previously described. 19 In brief, 6-10-week-old littermates were injected intraperitoneally (i.p.) with a single dose of 12.5 mg/kg AOM (Sigma, St Louis, MO, USA). At 7 days post injection, mice were provided 2.5% DSS (MP Biomedicals, Solon, OH, USA) in drinking water for 7 days, then followed by 14 days of regular water. This cycle was repeated twice. Following the final cycle, mice were given regular water for 2 months before killing. Some mice were injected i.p. with 100 mg/kg BrdU 2 h prior to killing to analyze crypt or tumor proliferation.
AOM treatment. The method was as previously described. 19 For ACF formation, 6-10-week-old mice were injected i.p. with AOM (10 mg/kg) or saline (control) once a week for 6 weeks. Animals were then killed 4 weeks after the last AOM injection. To determine the level of apoptosis induction by AOM, mice were injected i.p. with 15 mg/kg AOM and killed 8 h later. BrdU (100 mg/kg) was i.p. injected into the mice 2 h prior to killing for analyzing crypt proliferation.
DSS treatment. The method was as previously described. 19 Mice were given 2.5% DSS (MP Biomedicals) via drinking water. Mice received DSS treatment for either 1 or 3 days and then were immediately killed after treatment for analysis.
Analysis of protein and mRNA expression
Preparation of intestinal mucosa, scraping and isolation of DNA, total RNA and protein extracts from mouse tissues were performed and analyzed as previously described. [44] [45] [46] Total protein extracts were analyzed by NuPage gel (Invitrogen, Carlsbad, CA, USA) electrophoresis, followed by western blotting. Primary antibodies used included those against human SMAC (IMG-248A, Imgenex, San Diego, CA, USA) for human tissue, mouse SMAC (gift from Dr Chunyin Du), cIAP1 (AF8181, R&D, Minneapolis, MN, USA), cIAP2 (AF8171, R&D), p-p65 (ser 276) (3037, Cell Signaling, Danvers, MA, USA), p65 (#4764, Cell Signaling), b-catenin (C19220, Transduction Labs, Franklin Lakes, NJ, USA) and b-actin (A5441, Sigma). Real-time RT-PCR was performed on a CFX96 Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA) with SYBR Green (Invitrogen) using previously described primers. 24 Agarose (2%) gel electrophoresis was used to verify PCR products.
Tumor histology Macroadenomas (40.5 mm, polyps) induced by AOM/DSS were scored under a stereo microscope using fixed colons. Histology grading was done according to the established criteria using 5-mm hematoxylin-and eosinstained sections. 19, 47 Macroadenomas in APC Min/ þ mice on the AIN93G diet (Dyets Inc., Bethlehem, PA, USA) were scored at 22 weeks as described above. The microadenomas in APC Min/ þ mice were scored as previously described. 19, 45 ACF were identified in methylene blue-stained colons as previously described. 19 
Immunostaining
Mouse tissues and sections were prepared as described previously. 19 Human colon tissue micro arrays (TMAs) CO208, CO2085a, CO1002 and T054a were purchased from US Biomax (Rockville, MD, USA). CO208 contains 60 cases of colon cancer and 9 cases of normal colon tissues, CO2085a contains 187 cases of colon cancer and 10 cases of normal colon tissues. Details on the staining of TMAs with antibodies and controls, as well as WT and SMAC KO HCT 116 cell blocks are found in Supplementary Material and Supplementary Table S1 .
TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate nick end labeling) staining, BrdU, b-catenin p-p65 (ser 276) and total p65 IHC were performed on 5-mm sections of mouse tissues as previously described. 19 For SMAC, cIAP1, cIAP2, p-p65 (ser 276) and total p65 immunohistochemical staining, slides were treated with 3% hydrogen peroxide for 5 min. Antigen retrieval was performed by boiling the sections for 10 min in 0.1 M citrate buffer antigen retrieval solution (pH 6.0). After blocking with 20% goat or rabbit serum for 30 min, the sections were incubated with polyclonal anti-SMAC (IMG-248A, Imgenex), anti-cIAP1 (AF8181, R&D), anit-cIAP2 (AF8171, R&D), p-p65 (3037, Cell Signaling) and p65 (3987, Cell Signaling) antibody at 41C overnight, at 1:50, 1:100, 1:200, 1:100 and 1:50 dilution, respectively. The control goat immunoglobin G (AB-108-C, R&D) and rabbit immunoglobin G (AB-105-C, R&D) were diluted as the same concentration as primary antibodies. Signal was detected using ABC and DAB kits (Vector Laboratories, Burlingame, CA, USA). TUNEL or BrdU-positive cells were scored in 100 crypt sections and reported as mean±s.e.m. Three mice were used in each group.
IHC scoring criteria
The IHC signals were quantified visually. For SMAC, cytoplasmic staining was considered positive. For cIAP1 and cIAP2, both cytoplasmic and nuclear localization were considered positive. The staining is scored as À (0, no signal), þ (1, weak signal), þ þ (2, moderate signal), þ þ þ (3, strong staining) by two independent observers masked to patient outcome and stage, and a positive sample has at least 1% of cells with staining score X1. 48 Mutational analysis of b-catenin DNA isolation, PCR primers and conditions used for b-catenin exon 3 amplification and sequencing have been described. 19 Cell culture and transfection Colon cancer cell line HCT 116 was obtained from ATCC. The somatic knockout cell line HCT 116 SMAC KO has been described. 6 Cell culture and transfection conditions, TNFa (R&D System) treatment, p65 reporter (Clontech, Mountain View, CA, USA) assays and cIAP1/2 siRNA experiments are performed as described in Yu et al. 49 and Wang et al. 50 and details are found in Supplementary Material.
Statistical analysis
Data were analyzed by the analysis of variance test (ANOVA), in which multiple comparisons were performed using the method of least Exposure to carcinogens or oncogenic mutations cooperate with TNFR1-mediated NF-kB signaling to promote tumor progression via enhance proliferation and a positive feedback loop. SMAC or SMAC mimetics keep the levels of cIAPs low to suppress this loop. It is conceivable (dashed line) that engagement of other death receptors, that is, Fas/CD95 sequesters cIAP1/2 to suppress NF-kB signaling and tumor progression, while their ablation promotes NF-kB activation and tumor progression independent of apoptosis.
significant difference. Data on the frequency of b-catenin mutations were analyzed by the w 2 test. 19 The sex and age balance between patients with different tumor grades was analyzed by Fisher's exact test. The correlation between SMAC and cIAP2 expression and tumor grade was analyzed by Spearman's rank correlation coefficient. Differences were considered significant if the probability of the difference occurring by chance was less than 5 in 100 (Po0.05).
ABBREVIATIONS SMAC, second mitochondria-derived activator of caspases; IAPs, inhibitors of apoptosis proteins; BrdU, 5-bromodeoxyuridine; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridinetriphosphate nick end labeling; WT, wild type; KO, knockout; AOM, azoxymethane; DSS, dextran sulfate sodium salt; ACF, aberrant crypt foci; NSAID, nonsteroidal anti-inflammatory drugs; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; GSK-3b, glycogen synthase kinase 3 beta; TRAIL, tumor necrosis factor-related apoptosis inducing ligand; TNFa, tumor necrosis factor alpha
